We have explored the effects of a variety of structural and sequence changes in the initiation region of the phage T7 promoter on promoter function. At promoters in which the template strand (T strand) is intact, initiation is directed a minimal distance of 5 nt downstream from the binding region. Although the sequence of the DNA surrounding the start site is not critical for correct initiation, it is important for melting of the promoter and stabilization of the initiation complex. At promoters in which the integrity of T strand is interrupted by nicks or gaps between À5 and À2 the enzyme continues to initiate predominately at 1. However, under these conditions there is a decrease in the release of abortive products of 8-10 nt, a decrease in the synthesis of poly(G) products (which arise by slippage of the nascent transcript), and a defect in displacement of the RNA. We propose that unlinking the binding and initiation regions of the T strand changes the manner in which this strand is retained in the abortive complex, reducing or eliminating the need to pack or``scrunch'' the strand into the complex during initiation and lowering a thermodynamic barrier to its translocation.
Introduction
Promoters for phage T7 RNA polymerase (RNAP) consist of two domains; an upstream binding region that extends from: À17 to À5, and an initiation region from À4 to 6 (where initiation occurs at 1; see Figure 1 ). A variety of approaches have been used to study T7 RNAP:promoter interactions including, most recently, crystallographic analysis of an initiation complex in which the ®rst 3 nt of nascent RNA have been synthesized. 1 ± 11 To summarize these ®ndings, promoter recognition involves interactions between a speci®city loop (amino acid residues 739-770) that projects into the DNA-binding cleft of the RNAP and makes major groove contacts with the DNA in the region from À7 to À11. Additional contacts from À17 to À13 involve an AT-rich recognition loop (residues 93-101) that projects into the minor groove. The transition from duplex DNA in the binding region to single-stranded DNA in the initiation region occurs between base-pairs À5 and À4, and is stabilized by interactions with a b-hairpin that includes Val237. The template strand (T strand) is led down into the active site by additional contacts with the speci®city loop and other regions of the RNAP. It has been proposed that positioning of the template base at the start site may involve stacking interactions between residue Trp422 and the base in the template strand at À1. 11 However, these interactions are apparently non-speci®c, as base-pair substitutions at À1 have little effect on start site selection.
the RNAP chooses the start site: does it measure the distance from the upstream binding site, and/ or is there sequence information in the initiation region of the template strand that directs the polymerase to the correct position?
In support of the notion that initiation occurs a preferred distance downstream from the binding region, Imburgio et al. found that (with the exception of substitutions at the start site itself) substitutions of individual base-pairs in the initiation region had no effect on the choice of start site, and further, that when the initiation region was shifted 1 bp closer to or further away from the binding region initiation still occurred the same distance away (i.e. 5 bp downstream from the binding region). 12 On the other hand, studies of promoters in which non-nucleosidic linkers had been inserted into the template strand between À4 and À2 led Weston et al 14 to conclude that the linker is looped out and that sequence-speci®c information at or near the start site directs the polymerase to initiate there. In the same studies, it was found that replacing the base at À1 with an abasic linker resulted in a shift in initiation to 2, suggesting that stacking interactions between the bases at À1 and 1 may be important in positioning the start site. 14 However, the latter result could result from a loss of stacking interactions between the base at À1 and Trp422, as revealed by crystallographic analysis. 10, 11 While the studies by Weston et al.
14 allowed insights into start site selection, a number of features of these experiments left key questions unresolved. In particular, the use of abasic chemical linkers as spacers between the upstream binding region and the initiation region precluded initiation in the spacer region (since there are no bases to direct nucleotide incorporation). Thus, the question of whether the RNAP would initiate a preferred distance from the binding region in an unrelated sequence context if given an opportunity to do so remained open.
As is the situation with other RNA polymerases, T7 RNAP engages in a process of abortive initiation in which short nascent transcripts are synthesized and released continuously until the polymerase clears the promoter and forms a stable elongation complex (EC). 16, 17 The transition to a stable EC is complex, and appears to involve multiple stages. 18 While the ®rst phase involves the synthesis and release of transcripts 2-6 nt in length, other stages occur at 8-10 nt and a fully processive complex is not observed until after the synthesis of 12-14 nt. 12, 19 During the ®rst phase (up to 6 nt) contacts between the RNAP and the upstream binding region of the promoter are maintained, while the leading edge of the polymerase moves downstream. 20, 21 This is accomplished by packing or`s crunching'' of the template strand into a hydrophobic pocket, and it has been suggested that it is the ®lling of this pocket that signals the beginning of the transition to a stable elongation complex. 10, 11 Later stages (8-10 nt) involve displacement of the nascent RNA from the template strand and its association with a portion of the speci®city loop that was previously involved in promoter recognition. 22 Subsequently (at 12-14 nt), the transcript becomes associated with a surface RNAbinding site that is located in the N-terminal domain of the enzyme. 22, 23 Continued association of the product with the latter site is thought to be important to the stability and processivity of the elongation complex. 24 At a consensus T7 promoter that directs initiation with 1 GGG . . . T7 RNAP carries out an additional mode of RNA synthesis that involves slippage of the nascent transcript on the three C residues present in the template strand from 1 to 3, followed by incorporation of an additional G residue. 16 Repeated cycles of this process result in the synthesis of poly(G) products ranging from two to 14 nt in length. During the early stages of initiation, this process is in competition with the synthesis of abortive products, and G-ladder production is observed even under optimal conditions of transcription 16, 25 (see Figure 2 ). In this work, we examined the effects of a variety of changes in the initiation region of the T7 promoter on promoter function. When the template strand is intact, T7 RNAP prefers to initiate with GTP 5 nt downstream from the binding region, regardless of the sequence of the surrounding DNA. However, if the T strand is interrupted between the binding region and the initiation region, there is greater¯exibility in the choice of the start site. Strikingly, we found that disrupting the T strand between the binding and initiation regions reduces or eliminates the synthesis of poly(G) products and of abortive products 8-10 nt in length, suggesting that these disruptions lower a Figure 1 . Structural and functional elements of the T7 promoter. The consensus promoter sequence is shown; positions are numbered relative to the start site of transcription at 1. The minimal binding region that extends from À17 to À5 (shaded box) functions in the form of double-stranded DNA. The initiation region downstream of À5 may be single-stranded, as removal of the non-template strand in this region (italics) enhances promoter binding while having no effect on start site selection and only minor effects on the rate of initiation. The RNAP will tolerate the insertion of nonnucleosidic linkers in the T strand in the region between À4 and À1 (curved loop). However, replacement of the base at À1 with an abasic linker shifts the site of initiation to 2, and disruption of the T strand between À1 and 1 prevents promoter activity. 3, 6, 14, 35, 36 barrier for translocation of the template strand during initiation.
Results

Effects of changes in promoter topology
To determine the effects of alterations in promoter structure, we constructed templates of various con®gurations by annealing together synthetic oligomers of DNA ( Figure 2 and Table 1 ). The control promoter (template 1) consisted of duplex (ds) DNA that extended from À24 to 20. Alterations in this basic con®guration included templates in which the NT strand contained a segment that was not complementary to the T strand from À4 to 5 (resulting in a mismatched bubble or``open promoter''; template 2); contained an insertion of six non-complementary bases between À5 and À4 (resulting in an insertion``loop''; template 3); was deleted downstream of À5 (resulting in a partially single-stranded, or pss promoter; template 4); or was interrupted between À5 and À4 (resulting in à`n icked'' promoter; template 5). Other promoters had changes in the T strand. These included templates in which the T strand was interrupted between À5 and À4 (a``nicked'' promoter; template 6); or templates in which the bases at À4 and À3 (template 7) were deleted (``gapped'' templates).
The products synthesized from these templates were labeled at their 5 H end by incorporation of [g- 32 P]GTP and resolved by electrophoresis. The control (ds) promoter gave rise to a characteristic spectrum of abortive products in the range of two to 14 nt, together with poly(G) products that result from transcript slippage (identi®ed in the margin). A runoff product of the expected size (20 nt) plus an additional band that results from the addition of a non-templated nucleotide to the transcript when the polymerase reaches the end of the template 15 were also observed. Considering ®rst the behavior of templates with modi®cations in the NT strand, the spectrum of abortive products and the size of the predominant runoff product were the same on these templates as from the control (lanes 1-5), indicating that initiation had occurred at the same site. However, a signi®cant increase in the abundance of transcripts 11-14 nt in length was observed on the modi®ed templates (from 8 % of total products on template 1 to 22 % on template 2). This increase appears to be due to enhanced release of products and not due to trapping of the complex at this stage of transcription, as the relative abundance of runoff products remains the same on both types of template. We also observed a decreased extension of the runoff transcript to 21 nt and enhanced release of a shorter (19 nt) product, suggesting early dissociation of the transcription complex at the ends of the modi®ed templates. In previous work in which we examined the stability of halted elongation complexes, we found that changes in template topology that affect the resolution of the transcription bubble and displacement of the nascent RNA, such as the use of supercoiled plasmid templates or templates with mismatched bubbles such as those shown here, dramatically reduces the stability of transcription complexes, and that complexes halted at 10-14 are particularly sensitive to such changes. The enhanced release of transcripts 11-14 nt in length on these templates, and the reduced stability of the transcription complex when it reaches the end of the template, likely re¯ect the sensitivity of the RNAP to these changes in template topology during the transition to an EC. Disruptions in the T strand led to a spectrum of runoff products and of abortive products that are largely the same as on the control template, indicating that most initiation events had taken place at the same start site (lanes 6-8). However, the appearance of some novel short products (marked with asterisks in the margin of Figure 2 ) suggests that alternate start site selection may also occur on these templates. Interestingly, we observed a signi®cant decrease in the synthesis of abortive products 8-10 nt in length, and a dramatic reduction or elimination in the synthesis of poly(G) products on the interrupted templates (see densitometric scans in (c)). As will be discussed below, these differences are likely due to a change in the manner in which the T strand is retained in the initiation complex, and a decreased barrier to its translocation.
Effects of insertions in the template strand
In previous work involving promoters having insertions of non-nucleosidic linkers between À4 and À2, Weston et al. found that the enzyme can loop out the inserted linker and localize the start site without regard to the intervening DNA. 14 However, the use of abasic linkers in that study precluded initiation within the insert (as there were no bases to direct nucleotide incorporation). We were therefore curious to determine how inserting an authentic DNA spacer would affect start site selection. Table I ). The templates were transcribed under standard conditions using [g- 32 P]GTP as label, and the products were resolved by electrophoresis. Transcripts are identi®ed by length and/or sequence in the margin (see Figure 5) ; asterisks indicate the positions of novel abortive products made from templates 6-8. Poly(G) products made from template 1 in the presence of GTP as the sole substrate are shown in lane G and are identi®ed as G3, G4, etc. T7 RNAP is known to add an additional non-templated nucleotide to the transcript when it reaches the end of the template (Milligan et al., 15 and see the text), accounting for the band above the runoff product (20 nt). Densitometric scans of lanes 2, 3 and 8 are shown at the right.
To examine this, and to explore the effects of changing the topology of the promoter on other aspects of promoter function, we synthesized a T strand having a 6 nt insertion (3 H CAAGCT 5 H ) between À5 and À4, and annealed this T strand to four different types of NT strands ( Figure 3 ). In the ®rst series, the NT strand was complementary to the T strand except for the interval that contained the insertion (series A). In other constructs, the NT strand was not complementary to the T strand in the interval from À5 to 5 (series B), or contained a non-complementary insertion (series C). Lastly, we made a template in which the 6 nt insert in the T strand was complementary to a 6 nt insert in the NT strand (series D).
In all cases, we observed that initiation was directed to the ®fth base in the inserted sequence and not to the consensus initiation region further downstream ( Figure 3 , lanes 4-7). This is evident from the synthesis of a longer runoff transcript (26 nt versus 20 nt), and from a change in the pattern of short abortive transcripts from a pattern that is characteristic of initiation at 1 in the consensus promoter to a new set of products. Signi®cantly, the base at the initiation site in the insert occupies the same position relative to the upstream binding region as the base at 1 in the consensus promoter (i.e., 5 nt downstream from the binding region). Furthermore, it is a C (which directs initiation with GTP). These ®ndings are consistent with our previous observations that the enzyme prefers to initiate 5 nt downstream from the binding region, with GTP. 12, 26 While the sequence around the start site does not appear to be critical for selecting the position at which transcription is initiated, it does appear to be important for melting the promoter and/or maintaining the stability of the initiation complex. In previous studies it was shown that promoter melting affords little kinetic barrier to initiation under optimal transcription conditions. 13, 25 Thus, the ef®ciency of initiation at a consensus promoter is nearly the same whether the initiation region is duplexed, mismatched, or single-stranded (see Figure 2 , lanes 2-6). In contrast, the ef®ciency of initiation within the heterologous insert is reduced signi®cantly (by 64 %) when the insert is duplexed with a complementary insert in the NT strand versus when it is unpaired (cf. Figure 3 , lane 7 with lane 6).
To explore further the tolerance of the RNAP for changes in the initiation region, and in particular changes in the base in the T strand at position 5, we altered the sequence of the insert in a variety of ways. First, we changed the C at the ®fth position to T, G, or A (requiring initiation with ATP, CTP, or UTP; lanes [13] [14] [15] [16] . While little initiation was observed in these cases, substitution of T at the ®fth position in combination with substitution of C at the next position (which would allow transcription to initiate with 1 AG . . . ) resulted in moderate (26 %) activity (lane17 versus lane 13). These observations are reminiscent of the behavior of T7 RNAP at promoter variants having similar substitutions at 1 12 and are consistent with the known preference of the enzyme to incorporate G residues during the early stages of initiation.
In light of the above, we explored whether, given a choice of C residues elsewhere in the insert, the polymerase would maintain the same start site. In the template shown in lane 11, C residues were positioned at the ®rst, third, ®fth, and seventh position in the insert, while in the template shown in lane 10, C residues were at every position. In both cases initiation was observed to occur predominantly at the ®fth position. The behavior of the RNAP on other templates having larger inserts or inserts with different sequences was consistent with the conclusion that the polymerase prefers to initiate with GTP 5 nt downstream from the binding region (lanes [11] [12] .
The effects of nicks and gaps in the template strand
In earlier studies, Weston et al. found that nicking of the template strand between À1 and 1 abolished promoter activity.
14 While this observation suggested that the integrity of the template strand between the upstream binding region and the start site might be required for promoter function, the effect of a nick at this position could also re¯ect a critical role for the base at À1 in positioning the base at 1 in the active site. 11, 14 To explore this, we examined the effects of nicks or gaps in the T strand when these interruptions were positioned elsewhere in the promoter; speci®-cally, at the boundary between the duplex binding region and the melted initiation region (i.e. between the bases at À5 and À4 in the consensus promoter; Figure 4 ). The template strands in these promoters were either intact, nicked (having an interruption in the phosphodiester backbone but with no missing bases), or gapped (in which case bases were deleted). In the gapped templates, the upstream boundary of the discontinuity was maintained at position À5, while the downstream end of the T strand was progressively removed from À4 to 4. As before, annealing the T strand oligomers to different NT strands allowed the construction of promoters with multiple topological con®gurations.
Interruptions in the T strand led to a number of quantitative and qualitative changes in the transcription pattern. First, as noted in Figure 2 , we observed a signi®cant reduction in the synthesis of abortive transcripts 8-10 nt in length as well as nearly complete disappearance of poly(G) products (which arise by transcript slippage) at the nicked promoter (lane 2). Disruptions in the T strand also led to a general decrease in the production of runoff products.
With regard to start site selection, nicking of the T strand between À5 and À4 did not greatly affect the choice of the start site, nor did removal of nucleotides between À4 and À2 (as demonstrated by the size of the predominant runoff product as well as the pattern of short abortive initiation products; lanes 2-4). However, deletion of the base at À2 resulted in enhanced initiation at 2, as evidenced by increased production of a 19 nt runoff product and the appearance of novel bands among the abortive initiation products (lane 5). The shift in the initiation site in the downstream direction was even more prominent when the base at À1 was removed, in which case strong starts at 2 and 3 were detected (lane 6). When the base at 1 was removed, initiation was strongly inhibited and weak starts at 2 and 3 were observed (lane 7). More ef®cient initiation was observed when the bases at 2 and 3 were removed, but now initiation shifted further downstream to 5 (the next occurrence of C in the T strand) giving rise to a runoff transcript of 16 nt (lanes 8 and 9) .
Similar results were obtained on templates in which the initiation region was unpaired between À4 and 5 (mismatched bubble or``open'' promoter, series B). However, the open promoter appeared to be more permissive for initiation at downstream positions when the bases at 1 or 2 were deleted than was the duplex promoter (compare lanes 6 and 7 with lanes 15 and 16). This permissivity may result from the absence of the need to melt the DNA in the open promoter templates. 25 Lastly, we explored the effects of inserting 6 nt of unpaired DNA into the NT strand between À5 and À4 (series C). The results were similar to those observed with duplex promoters (series A).
These experiments demonstrate that the integrity of the template strand between the upstream binding region and the start site is not required for initiation by T7 RNAP. The enzyme is able to insert the 3 H end of the interrupted T strand into the active site and to localize the start site whether the end is paired with the NT strand (series A), unpaired with the NT strand (series B), or separated by up to 6 nt of inserted DNA in the NT strand (series C). On promoters in which the base at À1 or 1 is removed, initiation occurs not at the ®rst C in the T strand (which would now be at the Figure 3 . Effects of insertions in the template strand. Promoter templates were constructed by annealing together T and NT strand oligomers as in Figure 2 . T strand oligomers contained insertions as noted in the chart (the sequence is given from 3 H to 5 H ). NT strand oligomers were: template A, MJ6; template B, MJ11; template C, MJ21; template D, MJ20 (see Table I ). RNA products were labeled by incorporation of [a- 32 P]GTP and resolved by gel electrophoresis. The position of the start site was deduced from the size of the runoff product and the use of limiting mixtures of substrate to identify the short transcription products (see Figure 5 ; data not shown). The base in the T strand at the start site is indicated in bold; the position of the start site within the insert and the initiating nucleotide are given in the last column.
3
H terminus of the T strand) but at the second. This would be consistent with a need for a base just upstream of the start site in order to make appropriate stacking interactions.
11,14
Nicks and gaps in the template strand suppress the synthesis of poly(G) products
During the early stages of transcription, elongation of the RNA product by translocation of the active site along the template is in competition with slippage of the RNA, and poly(G) products (which arise by transcript slippage) are observed even under optimal conditions 16 (see Figure 5 ). However, as the concentration of substrate required for elongation by translocation is lowered, poly(G) synthesis comes to predominate. 27 As noted above, synthesis of poly(G) products >3 nt is greatly reduced on templates having nicks or gaps in the T strand. This de®cit is not due to an inability of these templates to support poly(G) synthesis, for as observed in Figure 5 (b), lanes 8-12, synthesis of poly(G) products up to 9 nt is nearly the same on these templates as on the control templates when GTP is provided as the only substrate. It thus appears that the decrease in poly(G) synthesis re¯ects a change in competition between transcript slippage and elongation.
To explore this, we examined the synthesis of poly(G) and abortive products at intact and nicked promoters as a function of decreasing concentrations of substrate ( Figure 5(c) ). When GTP is held at 0.4 mM and the concentrations of the other NTPs are progressively reduced, synthesis of poly(G) becomes increasingly prominent at the control promoter (template A). In contrast, little synthesis of poly(G) is observed at the interrupted promoter, even at the lowest concentrations of ATP, GTP and UTP (12.5 mM). Effects of nicks and gaps in the template strand. Promoter templates were constructed by annealing together T and NT strand oligomers as indicated. Three types of NT strand were utilized. The NT strand in series A (MJ6) is complementary to the T strand throughout. The NT strand in series B (MJ11) is not complementary to the T strand in the interval between À5 and 6. The NT strand in series C (MJ21) contains an insertion of 6 nt between À5 and À4. The T strand was either intact, nicked between À5 and À4, or gapped, as noted in the chart. In the gapped templates, the upstream boundary of the discontinuity was maintained at position À5 while the downstream end of the T strand was deleted progressively from À4 to 4. Transcription products from each template were resolved by electrophoresis (right panel); the position of the start site was determined as in Figure 3 , and is presented in the chart.
Phage T7 Promoter Topology
Disruptions in the T strand lead to defects in RNA displacement and/or release Even though the rate of initiation at nicked or gapped promoters appears to be as high or higher than at intact promoters ( Figure 5(b), lanes 8-12) , and fewer abortive products are released ( Figures 2  and 5(b) ) the yield of runoff products is reduced on the these templates ( Figures 2 and 5(b) ). A possible explanation for this apparent discrepancy is that interrupting the template strand leads to defects in displacement of the RNA product, resulting in the eventual conversion of the template into an inactive form. Consistent with this, we observed that whereas synthesis of runoff products from the control template proceeded in a linear manner during a 40 minute reaction, the rate of synthesis from an interrupted template decreased rapidly after ®ve minutes (Figure 6(b) ). Furthermore, the addition of more downstream T strand oligomer after 20 minutes stimulated transcription in reactions that contained the nicked promoter, but did not stimulate transcription in the control reaction (data not shown).
To explore this further, we examined the fate of the template strand directly by means of a gel shift experiment ( Figure 6(c) ). Promoter constructs having intact or interrupted T strands that had been labeled with polynucleotide kinase were transcribed for 20 minutes in the presence of unlabeled substrate, and the disposition of the template strand was then examined by non-denaturing gel electrophoresis. Whereas the control promoter remained intact (with no shift in the migration of the labeled T strand during transcription), the T strand in the interrupted promoter was nearly quantitatively displaced from the starting structure to a position that would be consistent with the formation of an extended RNA:DNA hybrid. We conclude that displacement of the RNA product is defective at the interrupted promoter, resulting in sequestration of the T strand into an RNA:DNA 6) but not on template E (lanes [9] [10] [11] [12] [13] ). An extra band migrating between the 6 nt product (GGGAGA) and G6 is observed only at the lowest concentrations of ATP, CTP and UTP on both templates (asterisk); it is likely that this band results from misincorporation of GTP into the transcript at 4 or 5.
hybrid that is unable to support subsequent rounds of transcription.
We have not quanti®ed the transcription reactions and so cannot determine from this experiment how frequently displacement (and thus inactivation) of the template strand is occurring. However, given the rapid rate of initiation and the short length of the transcript, the observation that synthesis of runoff products does not cease completely even after ®ve minutes suggests that multiple rounds of transcription occur before all of the templates are inactivated.
Initiation at branched promoters
The experiments shown in Figure 4 demonstrate that the integrity of the T strand is not required for initiation at a T7 promoter, and that the RNAP can insert the 3 H end of the disrupted strand and initiate transcription at the correct start site (or at the ®rst suitable C residue if the consensus start site has been deleted). However, these experiments were carried out in the context of a consensus initiation sequence, and it is appropriate to ask whether the results would have been the same if the sequence at the 3 H end of the T strand was different, or if the consensus initiation region was not present at all. To address this, we constructed branched promoters in which a 6 nt tail was appended to the 3 H end of an interrupted T strand ( Figure 7) . The sequence of the branch was the same as the sequence of the 6 nt insertion used in the experiments described in Figure 3 . In one series of promoters, the branch was appended to the 3 H end of the T strand at À4, which leaves the initiation region unchanged (series A-C). In another series, the entire initiation region from À4 to 5 was deleted and the branch was appended to the 3 H end of the T strand at 6 (series D-F). Considering ®rst promoters in which the initiation region was present (series A-C), we observed some initiation in the branch in all cases, as evidenced by the synthesis of novel abortive products that were not observed at the control (ds) promoter. However, if we consider only productive initiation events, which allow promoter escape and completion of a runoff product, the situation is somewhat different. Productive initiation on templates A and B occurred predominantly at the start site in the consensus initiation region and not in the branch, resulting in production of a 20 nt runoff product (lanes 2 and 3).
(a) (b) (c) Figure 6 . Disruptions in the T strand lead to defects in RNA displacement. (a) Templates were constructed by annealing the T and NT strand oligomers indicated. For the gel shift experiment shown at the right, MJ7 and MJ17 were labeled with 32 P prior to annealing (asterisks). (b) Templates were transcribed using 40 ng of RNAP; under these conditions the promoter to RNAP ratio is 1.25. The products were resolved by gel electrophoresis and the production of runoff transcripts versus time was determined by PhosphorImager TM analysis. (c). Templates were assembled by annealing together the oligomers indicated and, where noted, were transcribed for 20 minutes in the presence of unlabeled substrates. Samples were analyzed by electrophoresis in non-denaturing polyacrylamide gels in the presence of 0.1 % (w/v) SDS. The positions of the labeled template strand oligomers when hybridized to the NT strand or to the RNA product are indicated in the margins.
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Early release of the transcription complex at the end of the template occurred on construct B, as evidenced by decreased production of the 21 nt product (which arises by non-templated nucleotide addition to the 3 H end of the transcript) and enhanced production of the 19 nt product (lane 3). Such early release was observed also at promoters in which the consensus start site was not paired with a homologous NT strand (cf. Figure 2, lane 2) .
In contrast to templates A and B, productive initiation on template C occurred predominantly in the branch (at the ®fth position, with GTP), resulting in synthesis of a 26 nt runoff product and a different spectrum of short abortive products ( Figure 7, lane 4) . The difference in these templates is that construct C contains an insertion of 6 nt in the NT strand (which increases the distance from the binding region to the consensus initiation region when measuring along the NT strand), whereas constructs A and B lack this insert. The extra spacing in template C may facilitate insertion of the 3 H end of the branch or inhibit access of the RNAP to the consensus start site downstream.
We next considered initiation on templates in which the consensus initiation region was missing entirely and the branch was appended to the T strand at 6 (series D-F). While changes in the con®guration of the NT strand had some effect on the synthesis of abortive products, productive initiation occurred in all cases at the ®fth position in the branch, with GTP. These results are signi®-cant because they show that a tethered binding region of the T7 promoter can direct the RNAP to initiate at a heterologous start site.
We also explored the effect of changing the length of the branch. On templates with branches of six to 12 nt, productive initiation occurred at the ®fth position from the protruding 3 H end of the branch (lanes 2-13). However, on branches longer than 12 nt initiation occurred 7-8 upstream from the 5 H boundary of the branch, regardless of the length of the branch or of the length of the intervening tether (e.g. series F, which has a 6 nt insert in the NT strand). These results suggest that when the branch is too long to be accommodated in the binding cleft of the RNAP, the selection of the start site is affected by the distance to the doublestranded region downstream (which may resemble the downstream edge of the transcription``bubble'' formed during initiation).
Another interesting observation in these experiments is the distinct pattern of short abortive products made from templates B and E. Whereas the other templates in this series retain the consensus initiation sequence in the NT strand, this region has been replaced by an unrelated sequence in templates B and E. The different results obtained with the latter templates suggests that under these particular conditions the NT strand may play a role in start site selection.
Discussion
In this work, we have explored the effects of changes in topology and DNA sequence in the initiation region of the T7 promoter on promoter function. At promoters in which the T strand is not interrupted (i.e. the upstream binding region and the downstream initiation region are continuous), there appears to be little sequence information in the initiation region that is required for start site selection. Under these conditions, initiation is directed a minimal distance (5 nt) downstream from the binding region of the promoter, and if there is a C residue in the template strand at that position, initiation commences at that site with GTP. Substitution of other residues in the T strand at the ®fth position results in greatly diminished initiation, and/or a shift to alternate C residues further downstream (but not upstream). Recent work indicates that the strong preference for initiation with GTP may involve an interaction between residue H784 and the 3 H RNA:template base-pair. 28 While the sequence of the DNA in the initiation region does not appear to be critical for start site selection, the sequence of this region appears to be important for melting of the promoter and/or stabilization of the initiation complex. Thus, in contrast to the situation with a consensus promoter, ef®cient transcription from a promoter having a heterologous initiation region is diminished greatly in the presence of a complementary NT strand.
When the template strand is not intact and the initiation region is not constrained by its linkage to the upstream binding region, initiation may occur over a wider range: as close to the 3 H end of the interrupted template strand as the second base (in the context of a consensus promoter) or as far away as 11 nt on heterologous branched promoters. The ®nding that initiation is not observed at the terminal 3 H base of the T strand would be consistent with the need for a base immediately upstream of the start site in order to position the base at 1 in the active site, either via stacking interactions with the base at À1 or by interaction of the base at À1 with Trp422 in the RNAP. 11, 12, 14 The observation that initiation occurs predominantly at the ®fth base in promoters having branches six to 12 nt in length but shifts further downstream at promoters with longer branches (Figure 7) indicates that the distance from the 3 H end of the inserted T strand is not the sole determinant of start site selection on such templates. One interpretation of these results is that the presence of duplex DNA downstream of the start site is important when the RNAP initiates on a branched or nicked heterologous template, and that the RNAP prefers to initiate within 8 nt of the downstream duplex.
During the early stages of transcription, elongation of the RNA product by translocation of the active site along the template is in competition with slippage of the RNA and the resulting synthesis of poly(G). Nicking or gapping of the T strand enhances elongation at the expense of slippage, presumably by lowering a barrier to movement of the template strand ( Figure 5 ). In the binary crystal of T7 RNAP in association with its promoter, it is observed that after its separation from the NT strand (at À5) the T strand is led down into the active site by contacts with the speci®city loop, as well as elements of the ®ngers and palm domains. 10 Contacts between the T strand and the surface of the RNAP in this interval are apparently not sequence-speci®c, as initiation occurs the same distance downstream from the binding region regardless of the intervening DNA (Imburgio et al. 12 and this work). In the structure of an initiation complex in which the ®rst three bases in the template strand have been transcribed into RNA, many of these contacts are disrupted and the segment of the T strand between the upstream binding region and the start site is displaced from its original position into a hydrophobic pocket (DNA packing or scrunching). 11 We propose that unlinking the binding and initiation regions of the T strand by nicking or gapping changes the manner in which this strand is retained in the abortive complex, reducing or eliminating the need to pack or scrunch the strand into the complex during initiation and lowering a thermodynamic barrier to its translocation (see Figure 8 ).
Cheetham and Steitz recently suggested that ®ll-ing of the hydrophobic pocket may trigger the isomerization of the initiation complex to a stable elongation complex. 11 The properties of gapped promoters in which bases have been removed from the T strand are of interest in this regard. In Figure 5 we observe that the synthesis of abortive products 2-6 nt in length from a promoter in which the two bases at À4 and À3 have been deleted is nearly identical with that from the intact promoter, Figure 7 . Effects of branches in the template strand. Templates were constructed by annealing together T and NT strand oligomers as indicated. Three types of NT strand were utilized. The NT strand in templates A and D (MJ6) is complementary to the T strand over its entire length. The NT strand in templates B and E (MJ11) is not complementary to the T strand in the interval between À5 and 6. The NT strand in templates C and F (MJ21) contains an insertion of 6 nt between À5 and À4. The T strand in the control template (MJ7) contains the intact consensus promoter sequence. The upstream portion of the T strand in templates A-F (MJ8) extends from À24 to À 5 and contains the consensus binding region; the nature of the downstream portion of the T strand in these templates is given in the chart. Templates were transcribed in the presence of [a-32 P]GTP as label and the products were resolved by gel electrophoresis. The position of the start site within the branch (indicated in large, bold font) was determined from the size of the runoff products as described in Figure 2 .
Phage T7 Promoter Topology and that there is no shift of the products to a longer size, as might be expected in a pocket-®lling model (cf. lanes 2 and 7). It therefore seems likely that the transitions in the transcription cycle observed up to 6 nt result from the synthesis of a nascent RNA of a particular length, or by the formation of an RNA:DNA hybrid of a particular length (neither of which would be altered by the deletion of bases from the upstream portion of the T strand), rather than by constraints imposed by scrunching of the template or ®lling of the binding pocket. The transitions that occur between 8 and 10 nt, however, are sensitive to nicking or gapping of the template strand, and release of these transcripts is reduced greatly on the interrupted templates (Figure 2) . The altered behavior of the 11 (b) During abortive initiation, the upstream binding contacts are maintained, while the active site moves along the T strand, drawing in downstream DNA (arrow). At the intact promoter, the portion of the T strand that lies between the upstream end of the growing RNA:DNA hybrid and the intercalation loop is accommodated by packing or scrunching into a hydrophobic pocket (broken and continuous lines). In the interrupted promoter, the 3 H end of the T strand is unrestrained and may be extruded out of the complex. The unrestrained mobility of the T strand in the interrupted promoter decreases a barrier to its translocation and shifts the equilibrium in favor of elongation versus transcript slippage. (c) When the RNA:DNA hybrid reaches a suitable length (8-9 bps) the initiation complex isomerizes to a stable elongation complex. In the intact promoter this is accompanied by displacement of the nascent RNA from the T strand at the upstream end of the DNA:DNA hybrid, release of the upstream promoter contacts, and association of the displaced RNA with the speci®city loop. 22 It is not known if these events occur at the interrupted promoter (question mark). Reannealing of the T and NT strands of the DNA at the trailing edge of the transcription bubble in the intact promoter ensures continued displacement of the nascent RNA during elongation. In the interrupted promoter, the RNA is not displaced ef®ciently, resulting in the formation of an extended RNA:DNA hybrid. (d) Failure to displace the RNA ef®ciently from the interrupted promoter results in the eventual trapping of the T strand in an inactive RNA:DNA hybrid. interrupted promoters may re¯ect a different exit pathway for the unrestrained T strand (see Figure 8) .
While the studies reported here contribute to our understanding of T7 RNAP initiation, they may also have practical signi®cance. The ®nding that the binding region of the promoter can direct initiation to an unrelated sequence in a``branch'' junction ( Figure 7) suggests that constructs such as this may have general utility in guiding transcription to a variety of heterologous templates. Given previous observations that T7 RNAP can utilize RNA templates as well as DNA templates 29 these ®ndings suggest the possibility of adapting this approach to nucleic acid ampli®cation systems that function without thermal cycling.
Materials and Methods
DNA templates and RNA polymerase DNA oligomers were synthesized by Macromolecular Resources (Colorado State University) and puri®ed by low-pressure, reverse-phase chromatography. To prepare synthetic templates, the indicated combinations of oligomers were mixed together (®nal concentration 0.5 mM each oligomer) in 40 ml of transcription buffer (20 mM Tris-HCl (pH 7.9), 15 mM MgCl 2 , 0.1 mM EDTA, 0.05 % Tween-20) 30 and the samples were heated to 70 C for ten minutes and cooled slowly to room temperature (two to three hours). The templates were either used immediately or stored at À20 C. T7 RNAP having a (His) 6 amino terminal leader was puri®ed as described. 30 
Transcription assays
Unless otherwise noted, transcription was carried out in a volume of 10 ml of containing transcription buffer; 0.5 mM ATP, CTP, GTP and UTP (Pharmacia Ultrapure); 2 mCi of [a- 32 ); 20 nM RNA polymerase and 50 nM synthetic DNA. In reactions involving templates with insertions or branches in the T strand (Figures 3 and 7) spermidine trihydrochloride (Sigma) was present at a concentration of 4 mM, as this was found to signi®cantly enhance transcription from these templates (but not from other templates reported here). Reactions were incubated at 37 C for ten minutes and terminated by the addition of 10 ml of stop buffer (7 M urea, 30 mM EDTA, 0.02 % (w/v) bromphenol blue, 0.02 % (w/v) xylene cyanol) followed by heating to 98 for two minutes. The products were resolved by electrophoresis in 20 % (w/v) polyacrylamide gels containing 7 M urea 32 and analyzed by exposure to X-ray ®lm or to a PhosphorImager 2 screen (Molecular Dynamics) using a Storm 860 scanner and ImageQuaNT Version 4.2a software (Molecular Dynamics). 31 
RNA displacement assays
The T strand oligomers MJ7 and MJ17 were labeled with phage T4 polynucleotide kinase 32 and annealed to NT strand oligomers at a concentration of 0.125 mM, as described above. Following transcription, the reactions were terminated by the addition of an equal volume of loading buffer (12 % (w/v) glycerol, 0.2 % (w/v) SDS, 2Â TBE buffer, 32 0.05 % (w/v) bromphenol blue and 0.05 % (w/v) xylene cyanol) and the samples were analyzed by electrophoresis in 10 % (w/v) polyacrylamide gels under non-denaturing conditions. 33, 34 The gels were pre-equilibrated at 80 V for 30 minutes and electrophoresis was carried out at 80 V for eight hours.
